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The segregation of founder cells from the somatic mesoderm is a prerequisite for the formation of body wall muscles in
the Drosophila embryo. The myogenic basic helix-loop-helix protein, Nautilus (Nau), is expressed in a subset of these
founder cells in medial and lateral positions in the somatic mesoderm. Mutations in the wingless (wg) gene, which encodes
a secreted growth factor, lead to the complete loss of Nau-expressing medial muscle precursor cell clusters, but not lateral
clusters. Using the GAL4/UAS system, we demonstrate that the wg-derived signal can originate from either ectoderm or
mesoderm to in¯uence nau expression. By using a temperature-sensitive wg allele, we also show that wg function is
required during and after gastrulation for the formation of Nau-expressing medial muscle precursor cell clusters. Our
results, combined with recent studies from chick, suggest a conserved role for Wg signaling pathways during muscle
development. q 1996 Academic Press, Inc.
INTRODUCTION express speci®c markers such as the myogenic basic helix-
loop-helix (bHLH) factor Nautilus (Nau) (Michelson et al.,
During gastrulation of the Drosophila embryo, the meso- 1990; Paterson et al., 1991) and the homeodomain protein
derm spreads dorsally along the basal surface of the ecto- S59 (Dohrman et al., 1990). Therefore, speci®cation and
derm to the border between the dorsal ectoderm and the segregation of these founder cells is a crucial prerequisite
amnioserosa. The dorsal ectoderm in¯uences the expres- for the patterning of the somatic muscles in Drosophila.
sion of the homeobox genes, tinman and bagpipe, in the Studies from experimentally manipulated embryos sug-
underlying mesoderm. The TGFb-related protein decapen- gest that the interaction between the outer mesoderm and
taplegic has been shown to be involved in this induction ectoderm is essential for the expression of myogenic deter-
(Staehling-Hampton et al., 1994; Frasch, 1995). Conse- minants like Nau (Baker and Schubiger, 1995). This indi-
quently, the mesoderm separates into an inner layer of cells cated that a factor(s) emanating from the ectoderm through
that become the progenitors of the visceral mesoderm. The direct cell±cell contact between the germ layers in¯uences
dorsal mesodermal cells that remain on either side of the gene expression in the somatic mesoderm. Whereas the in-
embryo give rise to the cardiac mesoderm and also to the ductive signals that control differentiation of the cardiac
most dorsal muscles of the body wall (Dunin Borkowski et and visceral mesoderm are beginning to be elucidated, rela-
al., 1995). The outer layer of mesodermal cells that are in tively little is known of the signals required for the differen-
direct contact with the ectoderm gives rise to the somatic tiation of the somatic mesoderm. Recently, the Wingless
body wall muscles. Each abdominal segment of the Dro- (Wg)-related factors, Wnts, were shown to induce expression
sophila larva contains 30 somatic muscles arranged in a of myogenic bHLH genes in the somatic mesoderm of verte-
stereotypic fashion. Each of these muscles arises from dis- brates (Munsterberg et al., 1995; Stern et al., 1995). Because
tinct founder cells (Bate, 1990; Rushton et al., 1995) which the body wall muscle pattern is severely disorganized in wg
mutant embryos (Volk and VijayRaghavan, 1994; Baylies et
al., 1995), we wanted to analyze the precise role of Wg in1 To whom correspondence should be addressed. Fax: (214) 648-
1140. events leading to the formation of muscle. Here, we show
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FIG. 1. Nau expression in wild-type and wg mutant embryos. (A) A wild-type early stage 12 embryo. Arrows point to the medial Nau
clusters and arrowheads point to the lateral Nau clusters. (B) Double staining of a late stage 11 wild-type embryo for Nau (blue) and Wg
(brown) expression. (C) An early stage 12 wgCX4 mutant embryo. Note the complete absence of medial clusters. (D) An early stage 12
wgIL114 embryo. Note the residual Nau expression in some medial clusters. (E) A stage 12 wgCX4 mutant embryo in which Wg function
has been provided by ectodermally expressing UAS±wg under the control of P(ZkrGAL4). (F ) This embryo is similar to (E) but in this
case the Wg function is provided by mesodermally active UAS±wg under the control of DMef2-GAL4. Note the rescue of medial Nau
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at 187C and incubated at the restrictive temperature (277C) essen-that wg, apart from its known function in the patterning
tially as described in Wu et al. (1995). The embryos were then agedof the ectoderm (Bejsovec and Martinez Arias, 1991) and
at 187C until ®xation and antibody staining. Ages indicated in theneuroectoderm (Chu-LaGraff and Doe, 1993), and its spe-
text were adjusted for a standard at 257C (development was half asci®c role in heart formation (Wu et al., 1995), acts as an
fast at 187C and 1.2 times faster at 277C).inductive signal that in¯uences the expression of Nau, in
the ventral mesoderm. These results suggest that the induc-
tive mechanisms that control skeletal muscle formation
Experimental Crossesmay be evolutionarily conserved.
wgCX4/wgCX4; P(ZkrGAL4)/UAS±wg embryos were generated by
crossing wgCX4/Cyo; P(ZkrGAL4 ) ¯ies with wgCX4/Cyo; UAS±wg
¯ies. WgCX4/wgCX4; DMef2-GAL4/UAS±wg embryos were gener-MATERIALS AND METHODS
ated by crossing wgCX4/CyO; DMef2-GAL4 ¯ies with wgCX4/CyO;
UAS±wg ¯ies. In all of the above crosses, 25% of the progenyFly Strains
embryos were of the experimental genotype and were identi®ed by
the characteristic abnormal segmentation phenotype. EmbryonicFlies were raised at 257C on standard medium. wgCX4 b pr cn is
stages were as described in Campos-Ortega and Hartenstein (1985).a protein-null allele of Wg (van den Heuvel et al., 1993). The amor-
phic wg allele wgCE7 makes a protein that is distributed in a manner
indistinguishable from the wild-type protein, but fails to transduce
signal. The cuticle phenotype of wgCE7 embryos is typical of null In Situ Hybridization and Immunocytochemistry
mutants and has been described previously (Bejsovec and
In situ hybridization with the wg probe was carried out as de-Wieschaus, 1995). The strongly temperature-sensitive wgIL114 allele
scribed (Tautz and P®e¯e, 1989). Antibody staining was performedhas also been described previously (Bejsovec and Martinez Arias,
as previously described (Patel et al., 1987). Antibody dilutions were1991).
as follows: anti-Wg (provided by Roel Nusse) 1:200, anti-Nau (pro-
vided by Bruce Paterson) 1:800, and anti-En (provided by T. Korn-
berg) 1:50.GAL4 Lines
We used P(ZKrGAL4) to direct wg expression in the ectoderm
(Frasch, 1995). To direct wg expression in the mesoderm, a DMef2-
GAL4 line was constructed using the somatic, visceral, and cardiac RESULTS AND DISCUSSION
regulatory elements of DMef2 (details will be reported elsewhere;
Ranganayakulu and Olson, in preparation). This promoter drives Just after germ band extension (stage 8/9), Wg expression
expression of a reporter gene in all muscle lineages from stage 7
is seen in 14 stripes over the trunk region (Van den Heuveluntil the end of embryogenesis.
et al., 1989). These stripes are two to three cells wide in the
epidermis and are continuous. This pattern of expression
is transient and before germband retraction (stage 10) theGeneration of UAS±wg Flies
staining in the thoracic and abdominal segments gradually
To make a UAS±wg cDNA construct, a full-length Wg cDNA disappears from the midlateral portions of the stripes. Dur-
was subcloned as a 3.1-kb NotI/Asp718 fragment into pUAST
ing this time, Nau expression is initially found in segmen-(Brand and Perrimon, 1993). Transgenic lines were generated by
tally repeated clusters of cells in both lateral and medialinjection of CsCl-banded DNA, into embryos of strain yw67c23 using
positions within the ventral somatic mesoderm (Fig. 1A).standard procedures (Spradling, 1986). Independent homozygous vi-
Double labeling experiments showed that the Nau-express-able lines with insertions on chromosomes X, II, or III were estab-
ing medial cells are in close proximity to the Wg-expressinglished. The UAS±wg containing independent lines were tested by
driving expression of the construct in the mesoderm and assayed ectodermal cells (Fig. 1B). This suggested that Wg might
by whole-mount in situ hybridization using the wg probe. in¯uence Nau expression in the medial region of the ventral
mesoderm. To test this, Nau expression was examined in
mutant embryos bearing a Wg null allele (WgCX4). These
Temperature Shift Experiments embryos showed Nau expression only in the lateral position
of the ventral mesoderm, not in the medial position (Fig.Temperature shift experiments were carried out as follows: Em-
bryos were collected from wgIL114 on agar plates at 1-hr intervals 1C). This defect in Nau expression seems to be speci®c to
expressing clusters (between the two line marks) in (E) and (F) compared to (C). In all panels anterior is to the left. B is a dorsal view and
the rest are ventral views.
FIG. 2. Detection of cardial cells of the dorsal vessel in wild-type and wg mutant embryos using the DMef2 antibody. (A) A stage 13
wild-type embryo; arrows point to the cardial cells. (B) A stage 13 wgCX4 mutant embryo. (C) A stage 14 wgCX4 mutant embryo in which
the Wg function has been provided by ectodermally expressing UAS±wg under the control of P(ZkrGAL4). (D) A stage 16 wgCX4 mutant
embryo in which wg function has been provided by mesodermally active UAS±wg under the control of DMef2-GAL4. Note the double
row of cardial cells. In all panels anterior is to the left. D is a dorsal view and the rest are lateral views.
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wg mutants, because Nau is expressed normally in other these embryos, the DMef2 antibody recognized greater than
the normal number of cardial cells (Fig. 2D). Taken together,segment polarity mutants (Volk and VijayRaghavan, 1994).
To further demonstrate a role for wg in this process, Nau these results suggest that the Wg-dependent signal can origi-
nate from either ectoderm or mesoderm to in¯uence geneexpression was examined in embryos bearing wgIL114 and
wgCE7 alleles. wgIL114 is a temperature-sensitive allele and expression. This conclusion is consistent with that of Bay-
lies et al. (1995) and Lawrence et al. (1995), who showedwhen these embryos are raised at the permissive tempera-
ture (187C), Nau is expressed normally in the ventral meso- that Wg, derived from either ectoderm or mesoderm, is re-
quired for the formation of S59-expressing muscle founderderm. However, when these embryos are reared at the re-
strictive temperature (277C), the expression of Nau in the cells and even-skipped-positive heart and somatic muscle
founders. However, these results do not address the sourceventral medial cells is almost abolished (Fig. 1D). Similarly,
Nau expression in ventral medial cells is completely elimi- of Wg signal in the wild-type embryo.
Although the weak mesodermal expression of Wg persistsnated in embryos bearing the wgCE7 allele, which encodes
a defective protein that fails to transduce the Wg signal. only until stage 9, it could still in¯uence Nau expression. It
is also likely, however, that the strong ectodermal expressionThese results suggested that the signal-transducing activity
of Wg is required for Nau expression in ventromedial so- of Wg seen in the ventral ectoderm of stage 10 embryos in¯u-
ences Nau expression. To address this issue, embryos bearingmatic muscle cell precursors.
Because Wg is also expressed in the mesoderm for a short the temperature-sensitive allele wgIL114 were shifted to the
nonpermissive temperature for 1 hr at different developmentalperiod after gastrulation (Lawrence et al., 1994), in principle,
the wg gene product could act directly in the mesoderm or it points between 2.5 and 6.5 hr of development and assayed for
Nau expression in the ventral mesoderm (Fig. 3A). In a stagecould induce Nau expression after crossing from ectoderm to
mesoderm. To distinguish between these possibilities, we 11 wild-type embryo, the Nau antibody recognizes 11 pairs
(22 clusters) of easily identi®able medial cell clusters corre-made use of the GAL4/UAS system (Brand and Perrimon,
1993). To express Wg solely in the ectoderm of wg mutant sponding to the positions of the thoracic and abdominal seg-
ments. In embryos shifted between 2.5 and 4.5 hr of develop-embryos, the GAL4 driver P(ZkrGAL4) and UAS±wg were
used. Embryos derived from a cross between these two parental ment the medial Nau-expressing clusters were almost elimi-
nated. These embryos appeared identical to the wgIL114lines express Wg in all ectodermal cells within the Kruppel
(Kr) domain (data not shown). The expression of Wg in this embryos grown at the nonpermissive temperature throughout
embryonic development (as in Fig. 1D). Furthermore, thesepattern resulted in the rescue of Nau expression in appropri-
ately positioned cells in the underlying somatic mesoderm (Fig. embryos had defects in the organization of the ventral nerve
cord. The requirement of Wg during this time period for Nau1E). Moreover, no ectopic expression of Nau was seen in these
embryos. The failure of wg to induce Nau expression ectopi- expression overlaps with that for neuroblast speci®cation and
formation (Chu-LaGraff and Doe, 1993) and also for the forma-cally suggested that wg alone is not suf®cient. This may be
because of intrinsic differences between the cells of the somatic tion of even-skipped-positive heart and somatic muscle
founder cells (Wu et al., 1995; see also Fig. 3B for a compari-mesoderm superimposed on autonomously operating pat-
terning mechanisms in the mesoderm. Since wg is essential son). In contrast, a temperature shift between 4.5 and 6.5 hr
of development had virtually no effect on Nau expression.for heart development (Wu et al., 1995), we also monitored
heart formation in these embryos with an antibody to the During this developmental time period, Wg expression is
mainly restricted to the ectoderm. Therefore, these resultsMADS-box transcription factor DMef2. In wild-type embryos,
this antibody recognizes all somatic and visceral muscle cells suggest that between 2.5 and 4.5 hr of development, Wg ex-
pressed in the ectoderm and mesoderm is required for Nauand the cardial cells of the heart (Lilly et al., 1995; Bour et al.,
1995; Fig. 2A). However, in wg null mutant embryos, the expression at later stages of development.
The requirement of wg between 2.5 and 4.5 hr of develop-DMef2-positive cardial cells do not form (Fig. 2B). In these
embryos, when wg was uniformly expressed within the Kr ment is at least 2.5 hr earlier than when Nau is ®rst ex-
pressed, suggesting that Nau may not be a primary targetdomain in the ectoderm using the P(ZkrGAL4) driver, the ex-
tent of heart rescue was again limited to the Kr domain (Fig. of Wg action. From the available evidence, some inferences
can be drawn as to the mechanism of Wg action at this2C). Because Wg is also required for the maintenance of en-
grailed (En) expression, we assayed for En expression in the stage. In gastrulation-arrested embryos, severe defects in
Nau expression were observed (Baker and Schubiger, 1995),ectoderm of these embryos. The Wg-dependent En expression
was substantially restored in these embryos and this was again suggesting that the interaction of mesoderm and ectoderm
is crucial for Nau expression at later stages of development.limited to the ectoderm within the Kr domain (data not shown).
These results demonstrated that the mesodermal expression Therefore, we propose that the ectoderm confers upon the
underlying mesoderm the competence to generate muscleof Nau could be in¯uenced by ectodermally derived Wg.
To determine whether Wg could act directly on the meso- founders at later stages of development. Although we can-
not formally exclude a role for Wg present in the mesoderm,derm, the DMef2-GAL4 driver was used to express Wg in
all muscle lineages of the wg-null mutant embryos. In such at least the temporal difference in wg requirements for Nau-
and Eve-positive founder cells is consistent with the ecto-embryos, Nau expression was substantially rescued in the
medial position of the ventral mesoderm (Fig. 1F) and the derm-to-mesoderm signaling model; i.e., mesodermal cells
contact ventral ectoderm as soon as migration begins (stagerescued cells were also positioned correctly. However, in
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FIG. 3. (A) Developmental requirement of wg function for nau expression in the ventral mesoderm. wgIL114 embryos were collected at
187C and shifted to the nonpermissive temperature either for 50 or 100 min at different developmental time points as indicated by black
bars and then aged at 187C until 8 hr of development, at which time they were stained with the Nau antibody. The loss of medial Nau
clusters in embryos shifted between 2.45±3.45 and 3.45±4.45 hr occurs randomly along the anterior±posterior axis. (B) A comparison of
wg expression, nau expression, and wg requirements during development.
7) but do not come in contact with the dorsal ectoderm neural tube in combination with Sonic hedgehog originat-
ing from the ¯oor plate/notochord induce the expression ofuntil the completion of dorsalward migration (stage 9).
Since the lateral clusters of Nau-expressing cells remain myogenic determinants in the somites (Munsterberg et al.,
1995). In the current analysis, the Drosophila Wg signalsrelatively unaffected in wg mutants, these may be under the
control of additional signaling pathways. Because many of seem to originate from the ventral region. Since hedgehog
(hh) is required for the maintenance of Wg expression, itthe lateral clusters were absent in mutant embryos lacking
the ®broblast growth factor receptor, DFR1 gene (Shishido et will be interesting to examine Nau expression in hh mu-
tants. Thus, different signals may cooperate or act in paral-al., 1993), FGF is a candidate for inducing these cells. Further-
more, these embryos also lack some of the medial clusters lel on speci®c endogenous factors of the mesoderm to gener-
ate muscle type speci®city in different organisms. The de-(Ranganayakulu and Olson, unpublished observations). This
overlap of functions between the FGF and Wg signaling sys- pendance of myogenic bHLH gene expression on Wg
signaling in Drosophila and vertebrate embryos also sug-tems resembles the synergistic induction of dorsal mesoderm
in Xenopus by Wg plus FGF (Christian et al., 1992). gests that the signal transduction cascades leading to the
transcriptional regulatory elements controlling myogenicRecently, it was demonstrated in chick embryos that Wg
family members originating from the dorsal region of the regulatory genes are conserved across metazoans.
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